Introduction
Since 1988, the Novacor LVAS (Portner et al, 1989 ) has sustained 27 cardiac transplant candidates at the University of Pittsburgh Presbyterian Hospital. Particularly impressive is the fact that of the patients who received a donor heart (18/27), all were discharged home well (Korrnos et al, 1991) . Nonetheless complex problems remain to be solved if the Novacor LVAS and other implantable blood pumps are to achieve widespread clinical use (Didisheim et al, 1989 ).
The motivation for this work is to further understand the dynamics of blood flow in the Novacor LVAS. In this project we use state-of-the art flow diagnostic tools to analyze flow fields around the pericardial valves of the Novacor LVAS.
FITV MethodoloF iuid dynamic measurements are done with a technique called fluorescent image tracking velocimetry (FITV).
HIV enables measurements to be made very close to biomaterial surfaces. Here a fluid is seeded with particles that follow the fluid flow -that is, neutrally-buoyant particles with low Stokes numbers and sizes much smaller than the length scales of the flow. A pulsed laser illuminates the seeded flow field at controlled intervals. The displacement of particles between laser pulses produces a veloaty vector map of flow fielcL From this, other important parameters, such as shear stress and particle residence time, can be directly calculated.
FITV involves seeding the fluid with particles which fluoresce when excited with light of an appropriate wavelength. An important property of the fluorescent dye is its Stokes shift -the difference in excitation and emission wavelengths. Thus, the light from the seeded particles consists of both scattered light at the exatation wavelength,&, and fluoresced light at a different wavelength (mean fluorescent emission, &). Adjacent to solid boundaries in the Novacor LVAS, the light scattered by the flow boundary is at the same wavelength, & as the exatation light. Almost always, the intensity of the light scattering by the solid boundary is much stronger than that from the seeded particles. The result is a low signal-tonoise (S/N) ratio for particles near the flow boundary.
The S/N ratio is increased dramatically by placing an excitation filter in front of the imaging camera. The exatation filter occludes the light scattered by the flow boundary at & -the camera sees only the fluorescent light emitted by particles at &. This approach has provided excellent S/N ratios of particles adjacent to the pericardial valves in the Novacor LVAS.
Cardiac Simulation Flow LooP
For this study it is essential to acquire the FH'V data under realistic patient hemodynamic conditions. To this end, a cardiac simulation system is interfaced with the Novacor LVAS as shown in Figure 1 . This allows simulation of the flow conditions (pump stroke volumes, frequenaes, rate of filling and pump outputs) monitored in Novacor LVAS patients at the University of Pittsburgh.
A Novacor LVAS was manufactured from transparent materials to provide optical access for FITV. A transparent blood analog fluid is also used (42% by wt. aqueous spectrophotometric-grade glycerin). The blood analog fluid is seeded with "red" fluorescent particles manufactured by The flow conditions for FITV measurements simulate the full range of clinical conditions observed for cardiac transplant candidates at the University of Pittsburgh pump rates extend between 60 to 120 beats/minute with fill volumes ranging from 25 to 60 cc.
Figures 2 displays a typical FITV image acquired at a pulse frequency of 222 Hz. This image corresponds to the time in the pump cycle when the valve leaflets are stationary and the particle velocities adjacent to the pericardial valve are low. During the opening and closing phases of the valve leaflets, the veloaties are elevated, suggesting an important contribution of the leaflet motion to "valve washing" and avoidance of areas of stasis.
By providing high resolution, quality images of the flow fields adjacent to the pump inflow and outflow valves (F@re 2), the present series of experiments yields new insight regarding Novacor LVAS fluid mechanics under realistic (clinical) conditions. For example, we have
documented the marked variation of the flow fieIds adjacent to the pericardial valve as a function of time (systole, diastole, etc) during the LVAS pumping cycle. Preliminary quantitative analyses of these images, which were obtained for an LVAS pumping rate of 100 beats/minute, indicate that the flow speed near the valve surface can vary by a factor of 50 during the LVAS pump cycle. Other images (not shown) demonstrate conclusively that both the volume rate of pump filling (dV/dt) and LVAS stroke volume profoundly influence the flow fields around the inflow and outflow valves. Our ongoing FITV studies are aimed at further exploring these and other hemodynarnic variables which maybe relevant to the clinical management of Novacor LVAS reapients. . For these patients, the therapy of choice remains cardiac transplantation. However, the donor heart supply is severely limited (1,673 cardiac transplants were performed in the United States in 1989) and is expected to remain so into the foreseeable future [2] . Thus, development of circulatory assist devices is critical to the survival of most of these heart-failure patients.
For the last 25 years, much of the work to develop circulatory assist devices involved pulsatile pumps that mimic the pumping action of the natural heart. Impressive progress has been made in solving the complex problems associated with the safe delivery of blood to the systemic circulation. In fact, several systems are now successfully used to support terminal cardiac patients who await transplantation [3, 4] . One such device (Figure1), the Novacor left ventricular assist system (NLVAS), has been used to support more than 100 heart-failure patients awaiting transplantation. Periods of support range from one day to 370 days. Since 1988, the NLVAS has sustained 27 cardiac transplant candidates at the University of Pittsburgh's Presbyterian Hospital. Particularly impressive is the fact that all of the patients who received a donor heart (18/27) W~'n discharged from the hospital in good physical condition [5] .
In spite of these encouraging clinical results, complex problems remain to be solved if these devices are to achieve widespread use. Problems of infection, bleeding, end-organ dysfunction, and thromboembolism have been reported by the various clinical centers utilizing these devices [6] .
The motivation for this work is to optimize the hemodynamics of the LVAS and thus minimize the chance of undesirable activation of the hemostatic system in contact with biomaterial surfaces. This activation is likely a strong function of patient-dependent factors and the choice of biomaterials, but fluiddynamic properties of the device are also important. Although the conditions that cause activation are not yet well understood, it is believed that high shear rates, areas of flow stasis and generation of strong recirculation zones are undesirable within any blood contacting device. By understanding the flow characteristics of the LVAS, thisworkwill have immediate benefits for LVAS patients in that optimum modes of LVAS operation may be chosen as a function of their hemodynamic status. We have chosen to study the areas around the prothetic valves in the LVAS in which flow characteristics are likely to be most critical. 
APPROACH
To achieve such desired blood flow behavior, it is helpful, if not essential, 10use advanced flow diagnostic tools. A commonly used flow diagnostic tool is laser doppler velocimetry (LDV). LDV provides an instantaneous measurement of velocities at a single point in a flow field. LDV systems are also welldeveloped and commercially available.
In the present effort, we are using LDU however, the primary measurements are done with a technique cafled fluorescent image tracking velocimetry or FITV. FITV is a particle imaging velocimetry technique that enables measurements very close to biomaterial surfaces.
With advances in computer imaging equipment and pulsed lasers, applications of particle image velocimetry are increasing rapidly. Another reason for the popularity of particle imaging velocimetry is its simplicity: a fluid is seeded with particles that follow the fluid flow --that is, neutrally-buoyant particles with low Stokes numbers and sizes much smaller than the length scales of the flow. A pulsed laser illuminates the seeded flow field at controlled intervals. The displacement of particles between laser pulses produces a velocity vector map of a flow field. From this, other important parameters, such as shear stress and particle residence time, are attainable.
Although the underlying concept of particle imaging velocimetry appears to be straightforward, considerable problems still remain. The main difficulties are in the acquisition of images with good signal-to-noise (S/N) ratios near flow boundaries and the digital analysis of images.
There are many variations of particle imaging velocimetry [7] . A double-pulse technique is known as particle image velocimetry or PIV. PIV produces a twodimensional velocity map at an instant. The double-pulse technique has good spatial resolution but derives only the speed and orientation of velocity vectors -direction (sign) is unknown. A coded pulse sequence is one way to eliminate directional ambiguity. However, pulse coding often requires longer exposures and more pulses. This reduces spatial resolution due to the increased number and size of particle images. Yet another particle imaging velocimetry approach uses continuous pulsed illumination to produce Lagrangian trackings of particles through a flow field [8, 9] .
Refractive/reflective Iightscatteringis adequate formostparticle imaging applications. With enough illumination power, good signalto-noise (S/N) ratios between particle images and the background are achievable. Nearsolidflowboundaries,however, the S/N ratio may diminish to the point that particle images are undetectable. This is because scattering (refractive/reflective scattering will simply be referred to as scattering) from solid flow boundaries is usually much stronger than from small particles. Even if the refractive indices of the fluid and flow boundary are matched, impurities in the solid flow boundary can still generate strong scattering.
Use of fluorescent particles and color filtering is one way to enhance S/N ratios near flow boundaries. Figure 2 When excited with light of an appropriate wavelength, the dye fluoresces or emits light. An important property of the fluorescent dye is its Stokes shift -the difference between excitation and emission wavelengths. Thus, the light from the particle shown in Figure 2 consists of both scattered light at the excitation wavelength (Al) and fluoresced light at adifferentwavelength (mean fluorescent emission, %). The light scattered by the flow boundary in Figure 2 is-at the same wavelength as the excitation light. The S/N ratio is increased dramatically by placing an excitation filter in front of the camera. The excitation filter occludes the light scattered by the flow boundary and the particle at~1 -the camera sees only the fluorescent light emitted by particles at~. This has provided excellent S/N ratios of particles close to biomaterial surfaces of the NLVAS.
EXPERIMENTAL SETUP

FITV SYSTEM
An FITV system consists of the following basic components: a pulsed excitation source, beam shaping optics, an excitation occlusion filter, an electronic camera with digital image acquisition system, and an image processing computer. Figure 3 shows the components of the USDOES FITV system. Excitation Light Sources The wavelength of the light source should be close to the peak excitation wavelength of the fluorescent dye. The excitation light source must produce pulsed light with accurate and controllable pulse timing. Continuous emission lasers with an acousto-optical modulator are ideal. Our experience indicates that at least 1 watt of optical power is necessary for FITV. See Adrian [7] and Shaffer et al. [8] for more information on pulsed light sources.
For this application, the excitation source is either an argon or a copper-vapor laser. The argon laser produces up to 5 watts of continuous tight with the most powerful wavelengths (rim) at 488 (blue) and 514.5 (green). Other less powerful lines are present at wavelengths from 350 nm to 507.1 nm.
An electronically controlled acousto optic modulator (AOM) pulses the continllouy beam oflhn argon las~r The AOM transmission riso t!me Ilml!$ 'tw A(>M pule~cntmbditi~~With a risf? time of loss ttmn 50 ns, th AO!.~PUI<OS c?'] ranqe fro'u continuous transrv,ssion 10 repetitiorl rates 13VOI 1 t.~:1: and pulso durations 10ssthafl a micro second.
--~--, Figure 3 . The USDOEs FITV system used for this application.
The copper-vapor laser is a pulsed laser with pulse durations of 30 ns and repetition rates up to 20 KHz. Pulse energies range from 0.5 to 2 mJ. It produces two primary wavelengths of510.6 and 578.2 nm with a total average optical power of 10 W. Only the 510.6 nm wavelength is used for this application. The copper-vapor laser is used only if the required pulse durations become short enough that the pulse energies from the argon laser drop well below 0.5 mJ.
Beam si?aph?gc@cs The beam shaping optics consist of a series of cylindrical lens [9,1 O]. They transform the circular cross section of the beam into a rectangular cross section with a large aspect ratio. This is commonly called a laser sheet.
F/uorescerWJyed Partic/es Fluorescent particles are available from several commercial manufacturers. Some of the commercial manufacturers are Polyscience, [11] , Duke Scientific [12] , and Bangs laboratories [13] . Figure 4shows the excitation and emission characteristics of a commercial fluorescent particle [12] . The dye in this particle is suitable for excitation with the green wavelengths of argon (514.5 nm) and copper-vapor (510.6 nm) lasers. Other fluorescent-dyed particles are available for excitation with lasers of different wavelengths.
\ \_---- Excitation Fiiters The purpose of the excitation filter is tc occlude the excitation wavelength(s) and pass the fluoresce' wavelengths. With monochromatic excitation, the ideal filter wil block only a single wavelength. Three types of filters approact monochromatic occlusion: thin-film dielectric interference filters Raman holographic edge (RHE) filters, and colloidal Bragg diffrac tion filters. The mean occlusion characteristics of the interference and RHE filters are practically the same [14] . The transmissioc haracteristics of an RHE [15] and a colloidal filter [16] are shown in Figure 5 . Since the Stokes shiftissignificant (>20nm) formanyfluorescerl dyes, an edge filter can possibly be used. Edge filters are much less expensive than the notch filters. Figure 5 also shows the transmission curve of an inexpensive edge filter [17] . /mage acquisition system The camera is a MTI Model 81 tube camera. The camera scanning parameters are externally controlled through an ANDROX programmable video controller. An ANDROX analog-to-digital converter (ADC) digitizes the analog output of the MTl 81. With this setup, image resolutions from 512x 512 pixels to 2048 x 1800 pixels are attained. The grey-level resolution of each pixel is 8 bits. The frame rate is variable from 10 frames per second (2048 x1800 pixel resolution) to 100 frames per second (512x 512 pixel resolution).
/mageprocessingcomputersystem Processing and analysis of FITV images are done on a SUN 470 workstation equipped with an ANDROX parallel image processing subsystem. The ANDROX system accelerates many image processing functions by a factor of 50 or more over the SUN 470 CPU.
Over the past few years development of custom software to analyze PITV and FITV data has been underway at the DOE. The interested reader is referred references [18] and [19] for more information on this software. Figure 1 shows the Novacor LVAS in one of two anatomical configurations. The LVAS is placed extraperitoneally within the nbdomrn. w;th thr inflow conduit connected to the loft vrmtricular apQY 1I,n oljtflmw cond,jll rnny h anastomosed to mthw the 3Mon1.~0v .Im.ta {dlc,wr)) O, to the th(rracic aorta Be, JU-Q the .....
CARDIAC SIMULATION FLOW LOOP
In the immediate post-operative period, the contractility of the diseased myocardium is additionally depressed by anesthetic agents. Under these conditions, the ventricle functions almost as a passive conduit and therefore the LVAS inflow is relatively constant. However, because the LVAS allows the myocardium to deliver flow at a greatly reduced afterload, myocardial contractile function may recover and increase beyond pre-implant values within a few days, The ventricle then acts as a "priming pump" for the LVAS, and the inflow to the LVAS becomes markedly pulsatile with peak flow rates of as much as four to five times greater than the immediate post-operative values. For this study it is essential to acquire the FITV images under representative patient conditions, including varying degrees of myocardial contractility. For this purpose, an active mock loop has been designed ( Figure 6 ). Inflow to the LVAS is providedbya servocontrolled piston pump which is able to produce an arbitrary flow waveform based on a voltage command. Using a programmable waveform generator, it is possible to generate LVAS inflow waveforms that accurately mimic inflows monitored from patients in the operating room or intensive-care unit at the University of Pittsburgh [20] .
Flow patterns in the LVAS are also a function of the afterioad presented to it. The LVAS afterload in this mock loop uses a calibrated compliance to simulate the systemic vascular compliance and a pneumatic pressure regulator to maintain the mean arterial pressure within physiological values independent of flow, just as occurs in the body via the baroreceptorreflex. The mock loop is instrumented with an ultrasonic transit-time flowmeterand clinical pressure transducers.
An NLVAS was manufactured from transparent materials to provide optical access for FITV. A transparent blood analog fluid which has a viscosity close to that of blood (4 cps) was also used. 
RESULTS
PERFORMANCE OF EXCITATfON FILTERS '
Several filters were tested for the present application. These include an RHE filter [15] and several inexpensive step filters. Rather than attempting an independent measurement of optical density, the performance parameter (S/N ratio) pertinent to this application was measured under typical operating conditions.
The test consisted of measuring the S/N ratios produced with our FITV system for a fixed, representative scene. The scene was a pericardial trileaflet valve in its transparent housing filled with blood analog fluid. The housing, pericardial valve, and blood analog fluid are the same as used in actual flow measurements. The only experimental variable was the type of excitation filter placed in front of the camera lens. Figure 7 shows apericardialvalve used in the NLVAS. The valve is constructed of bovine heart tissue formed into three flexible leaflets that open and close to restrict flow to one direction. Figure  8 shows the pericardial valve in its transparent housing filled with blood analog fluid.
The valve leaflet material was found to have mild fluorescent properties. This is undesirable since it increases the background level. Dying the valve with a black clothing dye practically eliminates the valve's fluorescence.
In Figure 9 , the same scene as in Figure 8 is illuminated with 1 W/cm2of510.6 nm light from a copper-vapor laser. Figure 10 shows exactly the same scene as Figure 9 but with an RHE filter in front of the camera. Fluorescent particles are now noticeable. Some of the particles are suspended in the fluid while others are adhering to the surface of the pericardial valve or the walls of the transparent housing. The particles tended to move slowly due to radiative heating of the stagnant fluid by the laser light.
In Figure 10 , the room lights are on so the valve and transparent housing are still visible. In Figure 11 , the room tights are turned off so only the light emitted bythefluorescent particfes is seen. Note that the fluorescent particles were also present in Figures 8-10 .
As Figure 11 illustrates, the S/N ratio is excellent -even for particles adhering to the valve surface and housing walls. Both the F!HE filter and Hoya O-56 filter produced S/N ratios exceeding the maximum level detectable with the FITV system used for this application. 
EXAMPLE FITV MEASUREMENTS
The flow conditions for FITV measurements simulated tt,e full range of clinical conditions obsetved for cardiac transplant patients at the University of Pittsburgh: pump rates ranged from 60 to 120 beats/minute with fill volumes ranging from 25 to 60 cc [20] .
During a cardiac cycle, the FITV system acquires six images at fixed time separations. For example, if the cardiac cycle duration were 600 ms, six measurements are made at 100 ms separations. After digitizing six images into video-RAM, the images are compressed and stored on the SUN 470 hard disk. The acquisition and storage of six FITV images takes about 20 seconds. For a specific experimental condition, data is acquired for at least 100 cardiac cycles.
.,-. -.... ..---f qure 12 shows the location of one of the inflow pericardial vah': !!+r!i at 100 ms intervals through a600 mscardiaccycle.
The image: o. Figure 12 are with constant room illumination and 50 ms exposure umes. For the actual FITV measurements the room lights are off. l'he AOM delivers a sequence of pulses during each frame. For these initial measurements, the pulse sequence consists of four pulses at a fixed frequency. Software is under development at th(' D(3F that will handle coded Pulse sequences. 
